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INTRODUCTION
Fibre-reinforced composites with unsaturated polyester resin matrix are extensively used in marine, automotive and the construction industries because they possess unique mechanical properties such as high specific modulus and strength, ease of processibility, lightness and being relatively cheap [1] [2] [3] . However, despite the lucrative mechanical properties mentioned above, polymer based fibre-reinforced composites for structural applications have to pass rigorous fire safety tests especially since they are highly flammable and produce large quantities of smoke when subjected to combustion [4, 5] . The most common methods of improving the fire resistance of fibre-reinforced polyester composites is via the use of flame retardant additives [6, 7] or intumescent paints/coatings, [8, 9] ceramics [10] and more recently using polymer nanocomposites [11, 12] .
However, the addition of flame retardant additives may adversely affect the degree of cross-linking between the monomer and curing agent thus compromising the mechanical properties of the resultant fibre-reinforced composite. To mitigate the deleterious effects on mechanical properties of polymer matrix composites when additive flame retardants are incorporated into resin formulations, passive fire proofing solutions including the use of surface coatings [1] and insulative fabrics are employed. Intumescent mats containing active ingredients can be bonded onto the surface of fibre-reinforced composites using resin solutions to provide a means of 'passive' fire proofing. When fibre-reinforced polymer composites are exposed to a heat source in the presence of an ignition source, it is highly likely that ignition will occur at the exposed surfaces, thus it is important to thermally protect them [1] . Usually intumescent resin coatings containing active ingredients; an acid source such as ammonium polyphosphate (APP) or an inorganic acid such as boric acid, a source of carbon such as char forming polymers or polyols and a blowing agent such as melamine are used [13, 14] .
Heat resistant intumescent mats usually contain exfoliating/expandable graphite, man-made vitreous (silicate) fibres, borosilicate glass and an organic binder to hold constituent components together. Expandable graphite is a type of a layered crystal structure intercalated with either an inorganic acid (H 2 SO 4 and HNO 3 ) or an organic acid depending on the temperature at which the expansion is designed to start, typically between 150 and 200 ºC [15] . Under a heat source, the intercalated particles decompose producing gaseous products that cause expansion in the direction perpendicular to the carbon layers providing a protective char layer. Expandable graphite has been shown to provide good fire retardancy through the formation of a multi-cellular char network that inhibits the diffusion of heat and oxygen into the polymer based matrix and prevents flames from spreading [16, 17] . Furthermore, the porous char network formed is capable of trapping the combustible volatiles gas products thus reducing the fuel feed into the combustion zone hence reducing the heat release from the material. On the other hand, the silicate fibres and borosilicate glass are highly fire resistant and thus are expected to improve the overall heat resistance of the intumescent mats.
The aim of this work is to evaluate the flammability behaviour of glass-fibrereinforced polyester (GRP) composites which are surface protected by intumescent mats containing man-made vitreous (silicate) fibres, expandable graphite, an organic binder and in some cases borosilicate glass. The effect of the chemical composition and variation in thickness of the insulative intumescent mats on the flammability of core composites has been investigated. This method of protecting polymer based fibrereinforced composites from heat and fire should reduce some of the disadvantages caused by the incorporation of additives in the polymer resin such as the degradation in mechanical properties or problems with processibility.
EXPERIMENTAL

Materials
Resin: unsaturated polyester, orthophthalic, Crystic 471 PALV and the catalyst, methyl ethyl ketone peroxide (Scott Bader).
Fibre reinforcement: E glass in form of woven roving (300 g/m 2 ) (Glasplies, UK).
Intumescent fire-retardant mats: containing man-made vitreous fibres (MMVF), silicate, expandable graphite, an organic binder together with or without borosilicate glass (Technical Fibres Products (TFP), UK), with a variation in thickness of 0.5 to 4 mm.
The physical properties (thickness and density) and details about the composition of these heat resistant mats are given in Table 1 . The fire-resistant insulative mats are divided into two categories viz; Batch 1 does not contain borosilicate glass while mats in Batch 2 contain borosilicate glass in addition to other constituent components contained in the former. Due to commercial sensitivity, exact compositions of these mats are not available. The fire-retardant mats are coded using alphabetic letters A through E preceding a numerical figure representing the thickness as measured in millimetres.
Preparation of fibre-reinforced polyester composites
Glass fibre-reinforced polyester composites were fabricated via a hand lay-up method using woven E-glass fabric, insulative fabrics and unsaturated polyester resin.
The control sample contained seven glass fibre layers, while all other composites were fabricated from seven glass fibre plies with the heat resistant intumescent mat providing the eighth layer. The intumescent mat was also impregnated with resin in similar fashion to glass fabric hence it forms part of the integral structure. The nominal thickness of resultant composites varied in accordance with the differences in thickness of the fireproof mats. All samples were fabricated and cured at room temperature for 24 h followed by post cure at 80 ºC for another 24 h. The mass fraction of the resin in all samples varied between 47 and 64% depending on the resin permeability of the insulative layer, Table 2 . The fabricated samples are identified as POLY followed by an alphabetic letter preceding a numerical figure representing the thickness of the insulative mat, i.e. POLY -A1 is a glass fibre-reinforced core composite protected by intumescent material A of thickness 1.0 mm.
Flammability tests
In an attempt to evaluate the thermal behaviour of the fire-retardant intumescent fabrics, 100 mm × 100 mm single layers of each fabric were exposed to an incident heat flux of 50 kW/m 2 using a FTT cone calorimeter. Similarly all fibre-reinforced polyester composite laminates measuring 100 mm × 100 mm × nominal thickness (2.4 -6.2 mm)
for each sample were tested using the cone calorimeter in the horizontal mode at an incident heat flux of 50 kW/m 2 for 1800 s after which digital images of the residual char were taken. In order to measure the thermal barrier effect of the respective insulative fabrics, a 0.3 mm K-type thermocouple was placed on the reverse side of all the laminates and the temperature recorded as function of time for 1800 s in one separate set of experiments. Generally, results from cone calorimeter are considered to be reproducible to ± 10% [18] for experiments run in triplicates. However, in this study experiments were executed in duplicates.
RESULTS AND DISCUSSION
Flammability behaviour of insulative fabrics
The fire behaviour of insulative fabrics was investigated via cone calorimetry; the parameters obtained include the time to sustained ignition, T ign ; the heat release rate, and especially the peak value (PHRR); the total heat release (THR); the average mass loss rate (AMLR); and the total smoke released (TSR), a measure of the amount of smoke produced during combustion. Ideally, low values of the peak heat release rate, total heat release and the mass loss rate are desired along with an increase in residual char, time to sustained combustion and time to reach the PHRR value. Representative HRR-time curves for protective fabrics exposed to a heat flux of 50 kW/m 2 for 30 mins (A1, A2 and A4) are shown in Figure 1 while the derived cone data are presented in Table 3 .
All the fabrics have relatively short time-to-ignition values, but extinguished quickly, have very low PHRR and THR values. The residual char after combustion was measured and all the fabrics had at least 85% of their original mass retained which may be attributed to inorganic residue. The final char depth is somewhat dependent on the original thickness of the mats in cases where the composition is invariant, Table 3 . When the expansion factor calculated as the ratio of the final to original thickness is considered, the most efficient mats would be D½ and A1 while C2 would be the least efficient if it is assumed that the fire performance has a direct dependency on the residual char depth.
However, char depth alone does not dictate fire performance; physical properties such as the thermal conductivity of the formed char and its structural integrity significantly contribute to the thermal barrier effect. The expanded residual char is necessary to act as a thermal barrier and a physical protective layer preventing the diffusion of heat and oxygen to the pyrolysis zone thus protecting the underlying fibre-reinforced polymer composites in integrated hybrid structures. As mentioned before, we note here that the fire-proof mats being commercial samples, their exact composition can not be revealed hence we are restricted in our discussion of their flammability properties.
3.2
Flammability behaviour of fibre-reinforced polyester composites
Effect of thickness
The fire performance of GFR polyester composites with or without a protective surface layer was determined using cone calorimetry; graphical results are shown in Figure 2 while the extracted numerical data for all samples and digital images of residual char at the completion of the experiment taken against a linear scale are presented in Table 4 and Figure 3 respectively. The polyester matrix fibre-reinforced composite without any surface insulative protection was found to be structurally stable during exposure to an external heat flux of 50 kW/m 2 without violent or explosive delamination.
However, at the conclusion of the experiment, no residual char was available to hold the still intact glass fabric layers leading to delamination while for surface protected composites some residual char was observed but not sufficient to preserve the structural integrity of the core composites.
The introduction of insulative surface layers resulted in the reduction in time-tosustained ignition (T ign ) values which may be attributed to the polyester resin rich top surface. This suggests that the inclusion of intumescent fabrics used in the manner employed in this study serve to protect the composites only after the fire has started and can not delay ignition. The fire performance may have been different if the insulative fabrics were not resin infused but just bonded to the core composite, where it is expected that in the latter, time-to-ignition would be higher, and peak heat release rate (PHRR) and smoke production values lower than the respective resin infused samples. However, in the latter (insulative fabrics bonded to core composites) the barrier properties could be worse with respect to heat transmission without the polyester resin or its decomposition products holding the graphite together to form a consolidated char network, leading to higher total heat release (THR) values. Figure 2A shows the variation of HRR as function of time for the control sample together with samples protected by mat A containing manmade vitreous fibres (MMVF), silicate, expandable graphite and an organic binder whose thickness varied from 1 though 4 mm; POLY-A1, POLY-A2 and POLY-A4. The unprotected composite shows a single but sharp peak spun over 400 s with a peak max value of 328 kW/m 2 . These results are comparable to the work performed in our laboratories by Nazaré and co-workers [19] albeit for a seven layer glass fibre-reinforced polyester system. These researchers reported a PHRR value of 401 kW/m 2 which is similar to our result within experimental error when corrected for the number of glass fibre layers hence resin content. The shape of the peak correspond to physical processes occurring during the exposure; in the initial stages the sudden increase in the amount of combustible volatiles from heat induced depolymerisation leads to a rapid release of heat after which point a sharp decline in HRR is observed signifying the depletion of combustible volatiles.
POLY-A1 shows two peaks; the first one at 107 kW/m 2 may be a result of volatilisation of some ingredients of the intumescent mats such as the organic binder and depolymerisation of the polyester resin followed by a sharp drop in HRR possibly due to the formation of an insulating char layer while the second peak at 88 kW/m 2 may have arisen due to the continual rise of surface temperature leading to the destruction of the charred material through oxidation. POLY-A2 shows a similar behaviour, however, with a slightly more pronounced first peak (141 kW/m 2 ) followed by a less distinct second peak possibly due to the formation of a thicker char layer preventing a rapid increase in the core material temperature during exposure. The first peak max for POLY-A2 is unexpectedly greater than the corresponding value for POLY-A1, since one would expect that a thicker insulative fabric would do a better job in reducing the PHRR. This anomaly may be attributed to the fact that POLY-A2 has a higher resin content by as much as 10% (Table 2 ) which is primarily infused in the insulative layer thus one would expect a higher heat release rate for POLY-A2 when compared to POLY-A1. When the thickness of the insulator is increased to 4 mm, POLY-A4, only a single steady state peak at 94 kW/m 2 is observed over 30 mins suggesting that the char layer formed in the initial stages is thick enough to be capable of providing a more effective insulative thermal barrier to last during the entire heat exposure period. The residual char values observed for all samples are similar to predicted values within experimental error (Table 4) 
The first term in Eq. 1 gives the predicted THR if the insulative fabric (A) has no effect on the depolymerisation of the polyester resin or vice versa, i.e., the constituent components of the protected GRP composite burn independently. The second term represents deviations from a non-interacting case described above with an insulative fabric performance function, f(i). This approach can be extended to investigate synergism between the polymer resin and additives [20] or the insulative fabric elements as in this case. Each component of the integrated hybrid system, polymer and insulative fabric must be burned separately in order to obtain SHR values. In predicting THR values we have assumed that the decomposition of the fibre-reinforced if any does not contribute a significant amount of heat to the system.
The predicted THR values are slightly lower than experimentally observed and are presented in Table 4 . This suggests that there may be interactive thermal degradation process involving constituent elements of the insulative fabric and the polyester resin resulting in the adverse effect observed. When the intumescent fabrics are exposed to temperatures in the region of 150 -250 ºC they decompose to produce gaseous species which are responsible for the physical residual char expansion synonymous with intumescent insulative thermal barriers. However, at similar temperatures, the polyester resin will also decompose to yield organic gaseous species thus chemical reactions are envisaged between the decomposition products of both the resin and the intumescent fabrics which may affect the overall burning behaviour of the composite releasing more heat than theoretically expected. The effective heat of combustion, EHC, (Table 4) is higher for all surface protected composites consistent with high THR values per unit mass of the samples in comparison to the control sample. Smoke production, Table 4 , varies according to the burning behaviour of the sample and there is no obvious trend seen with thickness or composition of the intumescent fabrics. higher than expected were observed and a similar reason as suggested above may apply in order to explain this undesirable fire behaviour.
All the factors discussed above in an attempt to assess the fire performance of surface protected polyester based glass-fibre-reinforced composites, POLY-A1 through POLY-B4 lead to dissimilar behaviours of the composites against fire, hence the fire risk associated with some of the factors has been analysed. A plot of total heat release versus the peak heat release rate divided by the time-to-ignition is used to represent a 2-D fire risk assessment field [21] . An effective thermal barrier is expected to reduce both parameters. The results for all GRP composites are shown in Figure 4 ; the propensity to With a minimal char expansion, the core material (underlying glass fibre-reinforced polyester composite) is subjected to rapid temperature increments leading to an overlap of the first and second decomposition stages. POLY-C2 has the highest PHRR value and a short time-to-ignition which translates to a highest propensity to cause a fast growing fire, Figure 4 . 
Effect of surface barrier chemical composition
The surface barriers used in this study have different compositions, Table 1 . In order to compare the effect of the constituent elements on the efficiency of insulative fabrics, the fire performance of GRP composites protected by intumescent mats with different composition but of the same thickness was investigated. Intumescent fabric categories A, B and C have the same constituent elements (silicate fibres, expandable graphite and organic binder) differing only in the percent distribution, while fabric category E also contains borosilicate glass in addition, Table 1 Figure 4 , the propensity to cause a rapidly growing fire follows the order, POLY-A1>POLY-B1>POLY-E1. However, this is in reverse order of what is observed when PHRR alone is used as a comparative factor. When the propensity to cause a prolonged fire is considered the order POLY-B1>POLY-E1>POLY-A1 prevails.
Fabrics in the A category contain the highest amount of expandable graphite of all fabrics used in this study. Expandable graphite is responsible for the intumescent behaviour; rapid expansion of the protective layer which effectively protects the underlying polymer based core composites from the incident heat for a prolonged period.
Protective fabrics in category B contain less expandable graphite and more silicate fibres.
While silicate fibres have a high thermal resistance, the overall thermal resistance efficiency is somewhat lower than the formation of a blown out char that would have been in the presence of high levels of expandable graphite. According to the composition specifications, insulative fabric E1 may have the same level of expandable graphite as in B1, however, the introduction of borosilicate glass together with a decrease in the amount of silicate fibres may have brought with them adverse effects with respect to an improvement in fire resistance. Borosilicate glass may not be as highly insulative as the silicate fibres; hence a partial replacement of the latter with the former may lead to the reduction in the overall thermal resistance.
The HRR values for samples protected by 2 mm thick fabrics (POLY-A2, POLY-B2, POLY-C2 and POLY-E2) are plotted as function of time in Figures 2A, 2B , 2C and 2E. The constituent elements of A2, B2, C2 and E2 have been described above and are presented in Table 1 . The HRR versus time curves for all GRP composites protected by 2 mm intumescent mats follow similar patterns; two peaks are observed, first a sharp one followed by a more broad one in the later stages of combustion which may be attributed to char oxidation with the exception of C2. However, they do not follow the same trend to fire growth (low intensity fire), they however, do cause fires of a prolonged duration.
These materials will be ideal protective surfaces for composite structures that are not easily accessible allowing fire fighters time to arrive and subsequently extinguish fires or allow enough time to evacuate personnel. These structures may be found as part of marine vessels or off-shore oil rigs which are not easily accessible by mainland fire servicemen.
Thermal barrier properties
In order to evaluate thermal resistance effectiveness of each intumescent protective mat, the reverse side temperature of the fire protected GRP composites was recorded as a function of time for duration of exposure to a heat source of 50 kW/m 2 using a K-type thermocouple. heat and mass transfer thus less volatile fuel diffuse to the pyrolysis zone, hence the reduction in PHRR as seen in Figure 2 . However, despite the retardation in temperature rise of the GRP composite, in some cases higher temperatures were recorded for protected composites after exposure for a relatively long time. This observation may be attributed to the smouldering effect of the intumescent char which will remain as a heat source for a much longer time than would be the case with the control sample.
Effect of thickness
Effect of surface barrier chemical composition
To evaluate the effect of chemical composition on the effectiveness of intumescent mats as thermal barriers, mats of the same thickness but different composition were analysed and the corresponding traces are shown in Figures 5A , 5B, 5C, and 5E respectively. The time required for the reverse side of the composites to reach the pyrolysis temperature of 250 ºC defined herein by the temperature at which maximum mass loss is observed was determined and the values are shown in Figure 6 . When samples protected by 1 mm thick insulative fabrics were investigated, Figures 5A , 5B and 5E, the following order (from high to low) according to the thermal barrier effectiveness was observed; POLY-A1>POLY-B1>POLY-E1. These observations are consistent with the reduction in magnitude of the HRR profiles as shown in Figures 2A, 2B and 2E, and Table 4 as well as the time required for the temperature of the reverse side to reach 250 ºC, Figure 6 . The authors envisage a reduction in the amount of combustible volatiles due to the thermal protective barrier provided by an expanded char network which may slow down the rate of depolymerisation as well as trap the volatiles thus inhibiting mass transfer to the pyrolysis zone. However, the variation of resin content between different samples makes it difficult to assess the effect of insulative fabrics on the effective heat of combustion as given in Table 4 . The char depths from POLY-B1 and POLY-E1 of 18, and 22 mm respectively (Table 4) are very similar to justify the differences observed;
thus one possible explanation lies with the chemical compositional differences of the intumescent mats.
The insulative fabric A1 has a higher content of expandable graphite compared to B1 (Table 1) , where as all other components are similar. A higher content of expandable graphite would result in more char expansion as seen in Table 3 for A1 and B1. However, since the composition of the integrated composites POLY-A1 and POLY-B1 are not known and hence may be different, observed results, Table 4 suggest otherwise.
The temperature profiles of samples protected by 2 mm thick fabrics are presented in Figures 5A , 5B, 5C and 5E. The observed order of efficiency with respect to thermal protection is as follows (from highest to lowest); POLY-A2~POLY-B2>POLY-E2>POLY-C2. Similar trends are observed with the variation of HRR values with time, Figures 2A, 2B , 2C, and 2E respectively. POLY-C2 with the least residual char expansion shows the worst thermal barrier efficiency and this is consistent with a poor fire performance, Figure 2C . The time required to reach the pyrolysis temperature also follow the same order as above; POLY-A2~POLY-B2>POLY-E2>POLY-C2, Figure 6 .
The temperature profiles of POLY-A4 and POLY-B4 are shown in Figures 5A and 5B.
According to the ability to retard temperature rises within the GRP composite, intumescent mat A4 does a better job than mat B4. The same conclusion can be drawn from the time required to reach the pyrolysis temperature on the reverse side being longer for POLY-A4 than for POLY-B4. The rate at which the temperature rises within the composite, Figure 5 , suggest that POLY-B4 would have a poor fire performance than POLY-A4 and this is confirmed from the variation of HRR with time as shown in Figures   2A and 2B.
The presence of essential constituent components such as silicate fibres, expandable graphite and borosilicate which may lead to the formation of an expanded char resulting in high thermal resistance when intumescent mats are exposed to a fire or heat source have been evaluated according to cone calorimetry. In this composition the intumescent behaviour is due to expandable graphite. Expandable graphite as discussed in Section 1, is a layered crystal structure intercalated with an acid [15] . On exposure to heat (~150 -200 ºC) the acid catalyses decomposition of intercalated graphite particles, producing gases that cause expansion and a multi-cellular char network is formed. This porous char acts as a thermal barrier by inhibiting the diffusion of heat and oxygen into the underlying substrate and trapping the combustible volatiles gas products thus reducing the fuel feed into the combustion zone and reducing the heat release from the material. The silicate fibres and borosilicate glass on the other hand do not contribute to intumescence, but consolidate otherwise very porous char, hence, enhancing its thermal barrier efficiency. It has been shown that the degree of expansion is related to the expandable graphite content in the mat and both the variation in thickness and composition affect the fire performance of the overall composite material. Information such as the rate of mass loss, the heat release and temperature gradients within a composite are essential in order to predict and explain the effect of heat on some of the intrinsic physical properties of fibre-reinforced polymer composites, i.e. their mechanical degradation when exposed to a fire or heat source [22] . Future work will probe the effect of intumescent fabrics on the retention of some mechanical properties following their exposure to a heat source for a given time period.
CONCLUSIONS
Improved fire resistance was demonstrated with the use of hybrid thermal barriers in an attempt to protect the core structure composites from effects of heat. Some of the flammability properties were improved for most of the surface protected composites and a few highlights follow;
1. The PHRR values of the fire protected composites are lower than for the control; in some cases as much as 200% reduction is observed, Table 3 .
2. The fire growth rate as determined by PHRR values divided by the time-toignition is lowered by the use of intumescent mats from all fabric categories for some but not all fabrics.
3. The rate at which the temperature within the core composites increased is retarded in all surface protected GRP composites, Figure 5 . This is a remarkable improvement especially given that the retention of inherent mechanical properties of fibre-reinforced composites at elevated temperatures is inversely proportional to temperature increments.
However, despite the improvements mentioned above, the use of hybrid intumescent mats as fire/heat protection for the GRP composites has been shown to result in potentially prolonged fires as indicated by higher THR values for surface protected GRP values when compared to the control sample. Also the time-to-ignition is reduced for all surface protected composites. While intumescent char forming mats do provide thermal insulation to the core composite, they however, need to be heated first and fast enough in order to allow time for char expansion before the temperature is high enough to initiate depolymerisation of the polymer resin in the underlying core composite. Thus in this particular case a compromise is reached, which is an earlier time-to-ignition for a better thermal barrier at later stages along the exposure period. However, the use of insulative fabrics purely as surface barriers (no infused resin) is expected to produce better results and will be the subject of future studies. 
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